The physicochemical and antigenic properties of three groups of Marburg (MBG) virus isolates, separated temporally and geographically, were compared to each other and to another member of the same family, Ebola (EBO) virus. Each MBG isolate contained seven virion proteins, one of which was a glycosylated surface protein.
INTRODUCTION
virus is an enveloped, negative-stranded RNA virus that is morphologically related to Ebola (EBO) virus (Regnery et al., 1981) . Both viruses have been isolated from patients in Africa and produce severe haemorrhagic disease with mortality as high as 9070 for EBO (Johnson et al., 1977) and 30 70 to 35 70 for MBG (Martini & Siegert, 1971) . MBG virus was first isolated in 1967 from laboratory workers who had become ill after contact with tissues of monkeys imported into Europe from Uganda (Martini & Siegert, 1971) , hence the alternative name 'green monkey disease'. The second isolation of MBG was from patients in a small outbreak in 1975 in South Africa (Gear et al., 1975) . The third isolation of the virus was in 1980 from a physician who had treated a fatal case of the disease in a Nairobi, Kenya hospital 0000-7933 This report compares the basic physicochemical properties of MBG viruses from each of the three initial outbreaks; the basic properties of the three MBG viruses are also compared to those of EBO viruses. The results indicate that (i) each MBG virus outbreak was caused by an antigenically related, but genetically distinct virus strain, (ii) variations in PAGE protein profiles that are seen between EBO virus strains are not evident among MBG strains, (iii) despite the conservation between MBG and EBO virus proteins suggested by peptide mapping, antigenic relatedness was not demonstrated and (iv) no two MBG isolates appear to be more closely related to one another than to a third geographical isolate.
METHODS
Cells and virus strains. All experiments were conducted using the E6 strain of Vero cells (McCormick et al., 1982) . MBG virus strains designated by location and year of isolation and original reference were: RYC and Voege (VOG) (Germany/Uganda, 1967) (Siegert et al., 1967) , OZO and Hogan (HGN) (South Africa, 1975) (Gear et al., 1975) and Musoke (MUS) (Kenya, 1980) (Morbidity and Mortality Weekly Report, 1980) . EBO and MBG viruses were isolated from clinical materials in Vero cells.
Virus growth and purification. Roller bottles (490 cm 2) containing confluent monolayers of E6 cells were infected with virus at an input m.o.i, of 10 -z p.f.u./cell. Following a 30 min adsorption period the infected cells were incubated at 37 °C for an appropriate time. When virion RNA was to be labelled, [5,6-3H] uridine (New England Nuclear) was added to infected cultures at a final concentration of 20 [~Ci/ml at the time of infection. Infected cells were incubated in Eagle's minimal essential medium containing 2 % foetal calf serum. Virus was harvested, usually 5 to 7 days post-infection, when approximately 80% of the cells were infected (as determined by immunofluorescent staining). Tissue culture fluid was c|arified by low speed centrifugation and virus was concentrated by the addition of polyethylene glycol as described previously for EBO virus . Pelleted virus was resuspended in TNE (0.01 M-Tris-HC1 pH 7.4, 0.15 M-NaC1, 2 mM-EDTA) and purified by centrifugation through 0 to 40% potassium tartrate/30 to 0% glycerol followed by 20 to 70% sucrose . Virus was diluted in TNE and pelleted by high speed centrifugation.
PAGE. Virion proteins were usually separated on 15% polyacrylamide slab gels (Laemmli, 1970) , and were visualized by staining with Coomassie Brilliant Blue.
Peptide mapping. After PAGE, proteins were excised from the gel, radioiodinated, digested and analysed by electrophoresis in the first dimension followed by chromatography in the second (Buchmeier et al., 1983) .
Radioimmunoassay (RIA). Reactivity of antisera was determined by use of a sensitive RIA procedure (Richman et al., 1983) . Gamma-irradiated (2 x 106 rad) infected cells served as the source of virus antigen (Elliott et al., 1982) .
Isolation of messenger RNA. Virus-specific mRNA was isolated and translated in vitro as previously described (Sanchez & Kiley, 1987) . Agarose gel electrophoresis. RNA from purified virions was obtained by the phenol-chloroform-proteinase K method (Cox et al., 1983) . RNA was analysed on 1% low melting temperature agarose gels (Bethesda Research Laboratories) after denaturation with 10 mM-methylmercuric hydroxide (Bailey & Davidson, 1976) .
Oligonucleotide mapping. Extracted virion RNA was digested with ribonuclease T1, labelled at the 5' end with [y3zp]ATP and analysed on two-dimensional gels (Cox et al., 1983) .
RESULTS

Virion density
The density of the VOG strain of MBG virus, as determined by centrifugation through a 10 to 40 % potassium tartrate gradient, was 1-14 g/ml, approximately the same value as determined for EBO virus (data not shown). Electron microscopy of MBG virus particles purified in this manner (data not shown) demonstrated filamentous virions that were morphologically identical to those previously described for MBG and EBO viruses (Murphy et al., 1978) .
PAGE analysis of proteins isolated from several MBG virus strains
Although all EBO virus isolates have similar P A G E protein profiles, Mr values of analogous proteins from different virus strains are different (Elliott et al., 1985) . To determine whether this were also true for the different M B G isolates, three geographically and temporally distinct MBG virus isolates were compared by S D S -P A G E analysis. The protein mobilities of each of these isolates were indistinguishable (Fig. 1 a) . In contrast, P A G E profiles of MBG and EBO virus are quite distinct (Fig. 1 b) . The P A G E profiles shown in Fig. 1 clearly demonstrate the presence of five major protein bands in each MBG preparation. The large (L) protein and the glycoprotein (GP) are not always evident in stained preparations but are detectable in isotopically labelled preparations (data not shown). The seven MBG virion proteins are L (180K), G P (140K), nucleoprotein (NP), 40K structural protein (VP40), VP35, VP30 and VP24. By analogy to EBO [3H]Leucineqabelled virions were divided into three aliquots and each was treated with bromelain at a concentration of 1 ~tg/ml for either 0 (lane 1), 5 (lane 2) or 10 (lane 3) rain. After enzyme treatment virions were pelleted, resuspended in a small volume and analysed by PAGE. Gels were fixed, treated with EnHance (New England Nuclear) and radioactivity was determined by autoradiography. Mr marker proteins (values × 10-3) are in lane 1. virus, the MBG VP35 may be a transcriptase component loosely associated with the ribonucleoprotein and the VP30 may be a second nucleoprotein. The functions of the two remaining proteins have not yet been determined but they are named to correspond to the EBO protein nomenclature system (Elliott et al., 1985) .
M B G GP is located at the virion surface
Because the GP was not detectable in stained gels, we labelled virions with [3H]leucine and analysed the proteins by S D S -P A G E (Fig. 2) . Six virion proteins were labelled. Digestion with the proteolytic enzyme bromelain removed the 140K protein from the virion demonstrating that it is a surface glycoprotein. Mobilities of the remaining virion polypeptides were unchanged, suggesting that these were internally localized proteins. The GP in virions is readily labelled with [3H]glucosamine (data not shown).
MBG virion proteins are produced from monocistronic mRNA species
To determine whether MBG proteins were synthesized in a manner analogous to that for EBO virus, RNA from MBG-infected cells was used to programme in vitro protein synthesis using a rabbit reticulocyte lysate system. Fig. 3 demonstrates the synthesis of five MBG virus-specific proteins, i.e. NP, VP40, VP35, VP30 and VP24. These proteins are analogous to previously described EBO virion proteins (Sanchez & Kiley, 1987) . Neither L nor GP was detected. Fig. 3 also shows that the mRNAs are polyadenylated, a result reported previously for EBO virus (Sanchez & Kiley, 1987) .
Relative abundance of MBG virion proteins
From the data in Fig. 1 the relative quantity of each viral protein was measured by densitometry of the gels stained with Coomassie Brilliant Blue. We determined that the RNA constitutes approximately 1.1 ~o of the virion weight, based on the relative mass of RNA and proteins in the virion and knowing the Mr of the RNA. Neglecting the lipid and carbohydrate contribution, we calculated the total mass of protein in the virion and the number of molecules per virion of each virus protein (Table 2) . Similar results were obtained when isotope distribution in virions labelled with amino acid mixtures was used to determine the relative abundance of proteins (data not shown). The number of molecules of GP was probably underestimated because this protein seems to be highly glycosylated and its Mr as determined by SDS-PAGE may be significantly higher than the actual value. In vitro translation of EBO GP mRNA produced a 70K protein (Sanchez & Kiley, 1987) while the glycosylated form of GP in the virion had an apparent Mr of 125K. The MBG 140K protein, therefore, is thought to be the surface GP, although no peptide analogous to the EBO backbone GP was detected when MBGspecific mRNA was translated in vitro (Fig. 3) . The 96K protein is the major virus NP. No function has yet been assigned to the other virion proteins although VP24 may be analogous to the membrane (M) protein of other negative-stranded viruses. The VP30 seems to be tightly bound to the virion nucleocapsid as in EBO virus and may represent a second nucleocapsid structural protein (Elliott et al., 1985) .
Peptide mapping shows conservation and divergence among MBG virus proteins
Proteins from all of the MBG strains tested were the same size by SDS-PAGE. Four were excised from gels and their tryptic peptides analysed (Fig. 4) . Despite isolation over a 13-year period there was remarkable homogeneity among the four proteins tested. Only the VP24 differed significantly between strains. We found only a single peptide (Fig. 4, arrow) of the viral GP which was reproducibly present in the VOG maps but absent in the MUS map. Because the NP shows a high degree of conservation and because it is the major virion nucleocapsid protein we compared the N P peptide maps of the VOG MBG strain with those of the two EBO virus strains. We mapped single and mixed digests of VOG and Sudan and Zaire EBO virus strains searching for evidence of peptide homology (Fig. 5) . We observed similarity in the distribution of peptides derived from the NPs of these viruses, and analysis of mixtures of these digests in all combinations showed that at least two peptides (Fig. 5, arrows) comigrated. N o evidence exists for a N P 'group' antigen with these viruses. Peptide maps of viruses from the same MBG outbreak were identical.
Antigenic cross-reactivity between MBG strains and lack of cross-reactivity between EBO and MBG
After finding evidence of conservation between MBG and EBO virus polypeptides we examined their antigenic relatedness using a sensitive R I A that showed the presence of distinct EBO virus serotypes (Richman et al., 1983) . The results (Table 3 ) indicated close antigenic relationship between the two MBG strains tested; however, we were unable to demonstrate any cross-reactivity between MBG and EBO viruses.
Virion RNA species
[3H]Uridine-labelled virion R N A was extracted from representative MBG isolates and from the MAY strain of EBO and electrophoresed under denaturing conditions through a 1 ~ agarose gel. The Mr of virion R N A from each of the MBG isolates was about 4.2 x 106 (data not shown).
T1 oligonucleotide mapping of viral RNA
We examined the genetic relatedness of different strains of MBG virus by comparing TI oligonucleotide maps of virion RNA. No differences could be detected in the individual R N A (Fig. 6 a and b) or in a mixture of the two R N A s (Fig. 6c) . Similar results were obtained for two 1975 virus isolates from the same outbreak (data not shown). However, when representative isolates from the outbreaks of 1967, 1975 and 1980 were compared, considerable genetic heterogeneity was observed (Fig. 6a, d , e).
The degree of heterogeneity of these virus strains was further assessed by co-electrophoresis of mixtures of pairs of R N A s from viruses isolated in different years (Fig. 6f, 7a, b, c) . When a quantitative estimate of the relatedness of virus pairs was made by counting oligonucleotides shared by the two viruses and specific for each virus (number of common spots/total number of spots), an approximately equal degree of heterogeneity was seen for each of the three pairs of viruses (Table 4) . to VOG isolate; M, oligonucleotides unique to MUS isolate. These data were used in the comparison of virus strains presented in Table 4 . n al., 1983; Buchmeier et al., 1983; Cox et al., 1983) . We have now described molecular and antigenic properties of three separate isolates of MBG virus, and compared these properties to those of Ebola virus. MBG and EBO viruses share a common morphology and are similar in density , PAGE profile (Elliott et al., 1985) , Mr of virion RNA and synthesis of proteins via monocistronic mRNAs (Sanchez & Kiley, 1987) .
There were no differences in SDS-PAGE profiles among the different MBG isolates. Peptide maps of three of the MBG virus proteins demonstrated significant polypeptide homology between strains isolated 13 years apart; however, homology was not evident in VP24. The antigenic homogeneity of MBG isolates is further supported by failure to distinguish them with a polyclonal serum, in contrast to results previously reported for EBO virus (Richman et al., 1983) .
Similar conclusions apply to the analysis of the RNA from these isolates. Extensive sequence homology at the 3' end of the virion RNA from all three strains of MBG virus has been demonstrated; the base sequence of the first 70 bases of each isolate is identical (Kiley et al., 1986) . Virion RNA with an Mr of 4.2 × 106, as found in MBG and EBO viruses, is sufficient in size to code for the known virus proteins and mRNA species for five of seven virion proteins have been identified (Fig. 3) .
T1 oligonucleotide maps of the three different MBG RNAs indicated that each outbreak of the disease was caused by a genetically distinguishable virus. Approximately 50% oligonucleotide homology was observed between each of the three pairs of viruses examined, suggesting that no two isolates were more closely related to each other than to the third isolate. Fifty percent oligonucleotide homology represents approximately 95 % base sequence homology (Aaronson et al., 1982) . This observation of significant homology is also borne out by our recent findings of absolute base sequence conservation at the 3' end of MBG virus RNA from the 1967, 1975 and 1980 isolates (Kiley et al., 1986) . Until recently we have not been able to examine the genetic stability of the MBG virus genome, since multiple isolates separated by time had not been made from any location, nor had sequential isolates from individuals been obtained.
The 1987 MBG isolate was from an individual who apparently was infected near the same location as the 1980 case, and so this virus strain may offer us an opportunity to examine MBG viruses from the same source isolated 7 years apart. Studies with the new isolate are currently underway.
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